The primary purpose of this study is to measure the size-and composition-dependent responses of aerosol surface instruments designed to measure surface area related properties. Measurements were conducted in the range of 30-150 nm of mobility equivalent diameter, D p . The responses of a LQ1-DC (a diffusion charger manufactured by Matter Engineering AG) and an EAD (a diffusion charger manufactured by TSI) to singlets (NaCl) particles are proportional to D 1.36 p and D 1.13 p , respectively. The response of LQ1-DC agrees with Fuchs surface area, which is proportional to D 1.39 p within 2.4% error. The response of the EAD is almost proportional to diameter, D p . A PAS2000CE (Photoelectric Aerosol Sensor manufactured by EcoChem) gave both size and composition-dependent responses. For diesel particles produced at high engine loads, the response was nearly proportional to Fuchs surface area. However, at lighter engine loads, the response dropped sharply with decreasing D p . Light engine loads are associated with high fractions of volatile particles that may suppress the photoemission response.
INTRODUCTION
There is a growing concern about the environmental impact of particulate matter and increasing interest in metrics, other than particle-mass concentration, such as size fractionated mass, number concentration, and surface concentration. Some health studies suggest that the biological response is better correlated with surface concentration than with mass or number (Brown et al. 2000) . The purpose of this study is to characterize the size-dependent response of surface instruments including diffusion chargers using Fuchs surface area. This study focuses on fast response measurement of surface area related properties of various particles including diesel agglomerates. Such agglomerates are an important component of ambient particulate matter, especially in urban areas.
Fast response instruments that respond to particle surface fall into two classes: Photoelectric Aerosol Sensors (PAS) and diffusion chargers. A PAS (PAS2000CE) (Kasper et al. 2000) manufactured by EcoChem Analytics, a diffusion charger (LQ1-DC) manufactured by Matter Engineering AG, and a diffusion charger (EAD, model 3070A) (Medved et al. 2000) manufactured by TSI were used for this study. These instruments all have a response time of 10 s or less.
The PAS was developed to mainly measure combustion generated particles because those particles show the highest photoemission among all particles in the environment (Burtscher 1992) . The PAS response can give information about the surface of the particle, since photoemission is a phenomenon that takes place on the surface (Burtscher 1992) . The photoelectric yield for diesel particles was investigated by Leonardi et al. (1993) . Leonardi found that the yield is proportional to the 3rd power of the difference between photon and threshold energies for diesel particles. Burtscher et al. (1998) showed that the PAS response for diesel particles is proportional to the inverse of electrical mobility, 1/B. Diffusion chargers have been widely used for various applications. The EAA (Electrical Aerosol Analyzer, TSI model 3030) employed a diffusion charger for size classification (Liu and Pui 1975) . These days diffusion chargers are being used to measure active surface area (Kasper et al. 2000) or to monitor surface area of particles associated with health effect (Wilson et al. 2003) .
CHARGING THEORIES
An understanding of the particle charging process is essential in the design of instruments for electrical classification of particles by size, electrostatic precipitators for removal of hazardous particles, and instruments like those investigated in this study. This study focuses on using diffusion charging and photoemission charging to measure the surface area related aerosol properties.
Diffusion Charging
Among diffusion charging theories, Fuchs (1963) model is widely accepted for particles larger than 50 nm in diameter (Rogak and Flagan 1992) . Rogak and Flagan (1992) pointed out that the differences among theories are more pronounced for smaller particles, although other measurements (Adachi et al. 1985 ) support using Fuchs charging theory for smaller particle sizes (≤50 nm). Filippov (1993) carried out the comparison between Fuchs charging theory and Monte Carlo simulation. His comparison supports application of Fuchs charging theory down to 30 nm, which is the smallest size of interest in this study.
It is well known that the image force plays an important role for ultrafine particles. The image force depends on the dielectric constant of the particle. Keller et al. (2001) , calculated the critical particle size at which the image force becomes important. They concluded that the image force is negligible for particles above 20 nm in diameter. Rogak and Flagan (1992) concluded that particles above 40 nm have negligible image forces. The effect of image forces should be negligible for particles above 30 nm in diameter, which is the range of our interest.
The particle charges (number of elementary charge units) acquired by a particle of diameter, D p , is often expressed using a charging parameter, N·t product, where N means number concentration of ions and t means residence time of aerosol in the charging region of a diffusion charger. The charged fraction depends on the N · t product, particle size, and the ion-particle combination coefficient (Pui et al. 1988 ).
Photoemission Charging
Particles can be charged by UV light irradiation. Photoelectron emissions from particles occur when the photon energy is higher than the work function of the particle surface. Cardona and Ley (1978) defined the probability, Y, of the emission of an electron from a particle as a function of the photon energy (h · ν) and threshold in the following Equation [1]:
[1]
For diesel particles (Leonardi 1991) x = 3 and c is a constant. Burtscher (1992) pointed out that soot particles show the highest photoemission of all the particles in the environment, whereas salt particles, most metal oxides, and water drops require much higher photon energy to emit electrons, implying high photothreshold for these particles. The efficiency of photoemission charging is much higher than diffusion charging, especially for ultrafine particles. However, the charge distribution in the ultraviolet chargers is still poorly understood as pointed out by Maisels et al. (2002) . The emitted photoelectrons can recombine with the particles from which they were emitted or with other particles in the aerosol. This phenomenon is called recombination or back diffusion process of photoelectrons. If this occurs dominantly in the photoemission charger, the charging rate (in other words, the response of the instrument) drops significantly. Maisels et al. (2002) studied the photo-charging process numerically and analytically for polydisperse one-component aerosol. They reported that concentrated aerosol would have bipolar charge distribution through the photo-charging process because the recapture of photoelectrons (recombination) is enhanced by a large particle concentration. The presence of negatively charged particles decreases the net current measured and the instrument response. Bricard et al. (1972) studied the diffusing ion species using α-210 Po radioactive source. They used artificial air and pure gas (Ar) with controlled humidity (1 ∼ 10,000 ppm). At low humidity (H 2 O = 0.5 ppm), the dominant, small ionic species were O + 2 in artificial air. Above a sufficiently high humidity (on the order of some ppm), they concluded the possible sequences of ions are (H 3 O) + (H 2 O) n , NO + 2 (H 2 O) n , NO + (H2O) n in artificial air, and (H 3 O) + (H 2 O) n series in Ar. Davison and Gentry (1984) estimated the effect of moisture in the unipolar diffusion charging process. They concluded that the clusters of water molecules attach to the ions so that the mass of the ions increases, resulting in slower diffusion. They suggested that if the variation of ion mass significantly affects the charging rate, humidity and temperature might affect the operating characteristics of a TSI EAA (Liu and Pui 1975) , which depends on diffusion charging to produce a well defined particle charge distribution. Pui (1976) performed an extensive survey to find the most likely ion species in the diffusion charger. For positive ions, he concluded that the hydrated proton H + (H 2 O) 6 is the most probable ion under his experimental condition of 10% relative humidity. Pui (1976) pointed out there is no apparent difference in mobility of ions produced from different sources, such as α-210 Po, β-Tr, corona discharge, and so on. He also concluded that humidity and the age of ions do significantly influence mass and mobility of ions. The mean free path of H + (H 2 O) 6 in air was calculated using Maxwell-Chapmann-Enskog theory of molecular diffusion (Bricard 1948) as 14.5 nm by Pui et al. (1988) . This extends the transition regime to much smaller size range compared to using the mean free path of air, 65 nm, at STP condition.
Ion Species for Diffusion Charging

Fuchs Surface Area
The term Fuchs surface area was first introduced by Pandis et al. (1991) and defined for the surface area the epiphaniometer (Gäggeler et al. 1989) measures. Pandis et al. (1991) defined the Fuchs surface area in a dimensionless quantity as follows;
where D p is the mobility equivalent diameter, D 0 = 1 µm, and x(D p ) varies between 1 and 2, according to the regime of interest. x(D p ) is determined by the Fuchs form of the coagulation coefficients using the experimental values of "coagulation" coefficients between lead atoms and the aerosol in the measurements done by the epiphaniometer. Matter engineering AG (2001) defines the Fuchs surface area in a more complex form but more explicitly using the following equations according to regimes.
Here, D p is the mobility equivalent diameter, λ is the mean free path of the diffusing species in the carrier gas, and A, b, Q are Cunningham fit parameters. A Fuchs FM , A Fuchs CONT , and A Fuchs TR are Fuchs surface area in free molecular, continuum, and transition regime, respectively. Their definition also considers the combination coefficients between ions and the particles. However, instead of using the combination coefficients values, which should be determined experimentally using specific instruments, they used the Cunningham slip correction factor that reflects empirical consideration of combination coefficients or mass transfer. The Fuchs surface area, as defined by Matter engineering AG (2001), should give the same area, if it is nondimensionalized, as defined by Pandis et al. (1991) . The Fuchs surface area, defined by Matter engineering AG (2001), was derived in the appendix. It was done by extracting the surface area term from Stokes law. To calculate Fuchs surface area using Equation [3] , mean free path should be substituted in the equation. It should be noted that the definition of the mean free path should be consistent in transition regime because there are a variety of definitions in transition regime as Rader (1985) reviewed. The mean free path used in Cunningham slip correction factor (in other words, used in Fuchs surface area defined by Matter engineering AG) is defined using Chapman and Enskog's calculation (Davies 1945) following Maxwell's method (Jeans 1940) . Figure 1 shows Fuchs surface area as a function of mobility diameter using the equations in set [3] . As is shown in equation set [3], Fuchs surface area is proportional to D 2 p in free molecular regime and it is proportional to D p in continuum regime.
The size range between 30 and 150 nm corresponds to the size range containing most of the particle number and surface for typical diesel aerosols. It also corresponds to the size range where most of the surface area is found in atmospheric aerosols (Jaenicke 1998 ). The 30 nm lower limit of the measurement was selected to avoid significant diffusion loss and image forces.
EXPERIMENTAL
Aerosol Generation
A collision-type nebulizer system, which is similar to TSI model 3076, was used to generate NaCl aerosol. A turbo-charged 4.5L diesel engine manufactured by John Deere (Model 4045T) was used to generate diesel particles, which are mainly agglomerates. For this study, a standard EPA No. 2 on-road diesel fuel (300-500 ppm sulfur) and SAE15W-40 (John Deere TY6391) engine-lubricating oil was used. For diesel particles, a singlestage mini dilution tunnel (Abdul-Khalek et al. 1999 ) was used to dilute particles from the exhaust pipe at a ratio of 16∼23 to 1, according to the engine load condition. The 10% engine load (Torque = 40 N · m) at 1400 rpm and the 75% engine load (Torque = 300 N · m) at 1400 rpm were used to generate particles of different size and composition. The 10% load case is associated with a large soluble organic fraction and a high concentration of tiny particles in the nuclei mode region, while the 75% load case produces a lower soluble organic fraction and mainly larger particles in the accumulation mode diameter range (Ziemann et al. 2002) . For the engine used in this study, VOF (Volatile Organic Fraction) was measured as follows: 60% VOF at 10% load, 30% VOF at 50%, and 15% VOF at 75% 1400 rpm.
Particle Size Selection
NaCl or diesel particles in the diameter range of 30-150 nm were used. A Differential Mobility Analyzer (DMA) was used to select monodisperse particles of a selected size for characterization of the surface instruments. Particles coming out of the DMA are all electrically charged, so a neutralizer was used to bring the aerosol to a Boltzmann charge distribution, with the majority of the particles uncharged. Any charged particles were precipitated in the electrostatic condenser following the neutralizer so that only neutral particles were supplied to the EAD, LQ1-DC, PAS2000CE, and Condensation Particle Counter (CPC, TSI model 3025A). Care was taken for the flow lines split after electrostatic condenser to have the same diffusion losses. Figure 2 shows the experimental setup. Corrections were made to account for particles containing multiple charges passing through a DMA. Details are described in the Appendix.
Instruments
While the detailed inner structure of the aerosol surface instruments used in this study can be found in the user manuals for each instrument, the authors would like to point out a few important features of these instruments. While the LQ1-DC (Matter Engineering AG, 2001) has a similar structure to the diffusion charger used in the EAA (Liu and Pui 1975) , the charging region of the EAD (TSI 2002) is set up in a counter flow configuration for better charging. It is relatively more difficult to quantify N · t product for the EAD, because the flow is not laminar and the boundaries of the charging region are poorly defined.
In a PAS, charged particles flow through a short tube before entering a filter component. Within the tube, where irradiationfree and only recapturing can occur, a small voltage is applied to remove negative ions and electrons to minimize the recapture effect (EcoChem Analytics 2001). Figure 3 shows the size dependency of the response for the diffusion chargers using NaCl particles. The response of each diffusion charger per-unit Fuchs surface area is calculated by dividing the response of a diffusion charger by total Fuchs surface area,(A Fuchs · CPC counts), based on the mean free path of 14.5 nm. It shows the net response of a diffusion charger per unit Fuchs surface area. LQ1-DC data show a nearly constant value of LQ1-DC response/total Fuchs surface area meaning the instrument responds to the Fuchs surface area, whereas the response of EAD becomes larger than expected from Fuchs theory, as the particle size gets smaller. Liu and Pui (1975) showed the charging efficiency of the EAA charger as a function of particle size in Figure 11 of their paper. The plot follows the typical Fuchs surface area curve, which is shown at Figure 1 of this paper. This indicates that the EAA charger, which has similar inner structure to that of the LQ1-DC, also correlates with Fuchs surface area.
RESULTS AND DISCUSSION
Characterization of Diffusion Chargers Using NaCl Particles
The different size dependency of EAD compared to that of LQ1-DC might come from their unique design of charging region (or mixing region for ions and aerosol). The counter-flow jets cause turbulence in the charging region (Medved et al. 2000) . The reason for higher charging rate of EAD for small-sized particles compared to large-sized particles is not identified in this study.
In the size range from 30 to 150 nm, Fuchs surface area is proportional toD 1.39 p , as Figure 1 shows when the mean free path of diffusing species is 14.5 nm. Figure 4 shows the charge per particle of diffusion chargers for NaCl aerosol, as a function of particle size. The LQ1-DC response is proportional toD 1.36 p . This exponent is close to that of Fuchs' within about 2%. This means that LQ1-DC responds to the Fuchs surface area in the range between 30 and 150 nm. Ntziachristos et al. (2001) obtained D 1.37 p proportionality for ASMO (A diffusion charger manufactured by Dekati), which is consistent with the result of the current study. The EAD response per unit CPC count is proportional toD 1.13 p . This is shown in Figure 4 suggests that the EAD does not respond to Fuchs surface area unless the effective mean free path of the charging species is much smaller, about 4 nm, which is unlikely. Thus, the charging process in the EAD may be more complex than simple diffusion charging.
Characterization of Diffusion Chargers Using Soot Agglomerates
For the diesel engine used in these tests, particles at high engine load (75%) are mainly agglomerates over the whole size range and mostly found in accumulation mode, whereas particles at light engine load (10%) are composed of both nuclei mode and accumulation mode particles (Ziemann et al. 2002) . The nuclei mode particles are mainly composed of volatile organics for sizes below ∼30 nm. The nuclei mode particles typically lay within 3∼30 nm, but they tend to merge into the accumulation mode under very light engine load. The accumulation mode particles are agglomerates composed of mainly solid carbonaceous materials (Kittelson 1998) . Figure 5 shows typical size distributions of diesel exhaust particles used in the experiment. They are measured using a Scanning Mobility Particle Sizer (SMPS) and corrected for a dilution ratio. In surface-weighted size distributions, one can notice the nuclei mode particles have a comparable surface area concentration to that of accumulation mode particles. Figure 3 shows the responses per Fuchs surface area for diesel agglomerates compared to the NaCl particles for LQ1-DC and EAD, respectively. Soot particles at 75% engine load acquire about 15 and 17% more charge, compared to NaCl particles, over the whole size range of the experiment for LQ1-DC and EAD, respectively. This is consistent with the idea that agglomerates become more highly charged because charge can be distributed over larger area in the agglomerate compared to the spherical particle of the same mobility size. Laframboise and Chang (1977) showed that prolate spheroids become more highly charged than spherical particles of the same mobility.
For diesel particles generated at 10% engine load, the response of the larger size accumulation mode particles is similar to that of diesel particles generated at 75% engine load. This is because most accumulation mode particles are agglomerates. The particles in the nuclei mode, particles smaller than 50 nm, are not agglomerates. Therefore, those nuclei mode particles follow the response of NaCl more closely. Sakurai et al. (2003) measured volatility of the particles in the nuclei mode. They found there are two kinds of PM in the nuclei mode: more volatile PM and less volatile PM. More volatile PM is mainly composed of volatile organics, whereas less volatile PM is composed of carbonaceous particle with volatile organics coated on the surface. Their study shows that as particle size gets smaller, the fraction of more volatile PM increases in the nuclei mode. Rogak and Flagan (1992) studied the bipolar diffusion charging of spherical particles and agglomerates. They measured the uncharged fraction of PSL, (NH 4 ) 2 SO 4 , and TiO 2 particles. In their study, the agglomerates had a higher charged fraction than the spherical particles. In other words, the agglomerates acquired more charge than the spherical particles with the same mobility size. They reported an approximate 10% increase of chargingequivalent diameter in the bipolar diffusion charging process for agglomerates in the size range of 100 < D p < 800 nm. The 10% increase in equivalent diameter will result in a 14% increase in charging rate according to theD 1.39 p proportionality of Fuchs surface area, in the size range of this study. It shows excellent agreement with the result of the current study. Figure 6 shows charge per particle curves for diesel particles generated at 75% load in comparison with several charging models. An arbitrary constant was multiplied to Fuchs surface area CHARACTERIZATION OF AEROSOL SURFACE INSTRUMENTS 907 FIG. 6. Charge per particle (Comparison with prior studies): (1) ELPI for diesel particles by Ntziachristos (2001) , (2) Fuchs (1947) , (3) Bricard (1948) , and (4) current study for diesel particles generated at 75% load. curves to compare it to other charging models and experimental data. The charge per particle curve of LQ1-DC matches well with Fuchs surface area curve, whereas that of EAD has a lower slope than Fuchs surface area curve.
While there is no data available in the literature on the sizedependent responses of the PAS, to the authors' knowledge, there have been many prior studies (Filippov 1993; Liu and Pui 1975; Pui et al. 1988 ) on size-dependent responses of diffusion chargers. However, we could not directly compare our results on the response of the diffusion charger with most of the prior studies, because N · t products were not given for instruments used in this study. For this reason, there is an offset between the response of the LQ1-DC and the ELPI in Figure 6 . The charge per particle for diesel agglomerates of the charger used in the ELPI (Electrical Low Pressure Impactor) by Ntziachristos et al. (2001) was higher than for the other instruments reported in Figure 6 . In addition, most prior studies overlooked the fact that the response of a diffusion charger can be correlated with Fuchs surface area.
The epiphaniometer (Gäggeler et al. 1989 ) also measures Fuchs surface area. The epiphaniometer works by using the attachment of 211 Pb onto the aerosol particles. The α-detector counts the number of 211 Pb atoms attached onto the particles.
The lead atoms are hydrated after they appear by radioactive chain decay starting from 227 Ac. The hydrated lead atoms are transported to the particles mainly by diffusion; the response of the epiphaniometer is known to be proportional to Fuchs surface area (Pandis et al. 1991) . Shi et al. (2001) compared Fuchs surface area, measured by the epiphaniometer, to that measured by SMPS for NaCl, (NH 4 ) 2 SO 4 , and carbon agglomerates. He conducted experiments similar to the current study using an epiphaniometer instead of a diffusion charger. Their results show that there is no difference in the response of an epiphniometer between singlet (such as NaCl) and carbon agglomerates for a given mobility diameter. Rogak et al. (1991) also compared transfer rates of 211 Pb onto particles using the epiphaniometer for (NH 4 ) 2 SO 4 , PSL, and TiO 2 agglomerates. They concluded that spherical shape particles and agglomerates with the same mobility have nearly the same transfer rate of 211 Pb. These results suggest that the rate of diffusion of neutral species (such as 211 Pb in epiphaniometer) onto agglomerates is the same as that for spherical particles of the same mobility diameter, within experimental error. However, our results indicate the diffusion of ions onto agglomerates is slightly larger than onto the spherical particle of the same mobility diameter most likely as the result of electrostatic effects. Figure 7 shows the PAS2000CE response per unit Fuchs surface area. DMA size-classified diesel particles produced at 10, 50, and 75% engine load at 1400 rpm were used to characterize the instrument. NaCl particles are weak photo emitters, so could not be used. It is known that PAS response changes as the chemical composition of the particle changes (Kasper et al. 2000) . It gives a weak response to particles with layers, which contain moisture or volatile organics. Figure 5 shows size distributions of diesel particles used for the experiment. The highest peak, around 30 nm at 10% engine load, is known as the nuclei mode. It is known that the particles in nuclei mode from light engine load of about 10% consist mainly of volatile organics and larger particles are coated with volatile organic material (Tobias et al. 2001; Ziemann et al. 2002) .
Characterization of a Photoelectric Aerosol Sensor
The PAS2000CE response changes as the chemical composition of the particles changes with the engine load, as shown in Figure 7 . Generally, the lower the engine load, the higher the VOF (Volatile Organic Fraction) of the particle due to the lower combustion and exhaust temperature in the diesel engine (Kittelson 1998) . Particles from the higher engine load gave higher PAS response per unit Fuchs surface area due to the different chemical composition and lack of VOF compared to particles of lower engine load. Particles smaller than 80 nm, at 10% engine load, gave very weak PAS responses compared to particles of the same size at higher engine loads. This results because the fraction of volatile particles, which do not respond to PAS, increases as the particle size gets smaller in light engine load.
The higher PAS response at higher engine load is most likely due, in part, to the change in light absorption near the surface, where less volatile materials are present, as Burtscher (1992) pointed out. Steiner and Burtscher (1993) showed that desorption of volatile material from diesel particles leads to higher PAS signal. It is consistent with the current study since, at a higher engine load, less volatile material is condensed on the surface of diesel particles. The smaller size particles in 10% engine load have a weaker PAS response because of the increase in volatile PM fraction.
Diesel particles used in this study were extensively characterized by Park et al. (2004) using the same engine at 50% engine load. A TEM analysis was used to measure the primary particle size as 32 ± 7 nm. This analysis also measured the sizedependent shape factor, as well as the inherent density of diesel particles.
CONCLUSION
Three instruments to measure surface area related properties of particles have been characterized. Experiments conducted using size-classified, roughly spherical (NaCl) particles in 30-150 nm diameter showed that LQ1-DC gives a response that is proportional to Fuchs surface area for mean free path of diffusing species of ∼15 nm. The EAD response is proportional to D 1.13 p in the same particle size range. It has a flatter response than LQ1-DC. Since EAD gives a better response to smaller particles than LQ1-DC, the EAD is more sensitive to nuclei mode particles. The different response behavior, compared to Fuchs surface area, may come from the unique design of the counterflow mixing chamber. The responses of the LQ1-DC and EAD to size-classified diesel agglomerates were 15 and 17 % higher than to NaCl particles of the same mobility diameter. This indicates higher unipolar charging efficiencies for agglomerates and is consistent with earlier work (Rogak and Flagan 1992) .
A PAS2000CE (Photoelectric Aerosol Sensor manufactured by EcoChem) gave both size-and composition-dependent responses. For diesel particles produced at high engine load, the response was nearly proportional to Fuchs surface area. However, at lighter loads, the response dropped very sharply with decreases in D p . Light loads are associated with high fractions of volatile particles which may suppress the photo emission response.
APPENDIX
Multiple Charge Correction
When a DMA selects particles of certain cut-size, the selected particles contain multiply charged particles. These mul-tiply charged particles have the same electrical mobility, but different sizes. Therefore neutralized particles supplied to surface aerosol instruments shown in Figure 2 includes larger particles, which were originally multiply charged when they passed through the DMA. The fraction of larger particles supplied to surface aerosol instruments was measured using an experimental setup shown in Figure A-1 . Neutralizer 2 re-applied a Boltzmann charge distribution to the neutral particles. Particle size distributions were then measured by DMA 2, as shown in Figure A-2 . This gave the ratio of singly and multiply charged particles. In Figure A -2, the first peak on the left shows particles charged the same in DMAs 1 and 2 (e.g., +1, +1; +2, +2; +3, +3; . . .) and the second peak in the middle shows particles charged doubly when passing through DMA 1 but charged singly when passing through DMA 2 (+2, +1), where (+A, +B) stands for particle charge number at DMA 1 and 2 respectively. It was assumed that all particles contained either single or double charges. For example, we assumed that the first peak was composed of (+1, +1) and (+2, +2) since the fraction of more than doubly charged particles were negligible from our measurements as shown in Figure A -2. Since the Boltzmann charge distribution was reapplied to the particles, as shown in Figure A-1 , it was possible to obtain the fractions of singly and doubly charged particles supplied the aerosol instruments from the ratio between first peak and second peak in Figure A -2. Fractions of singly and doubly charged particles supplied to the aerosol instruments were obtained for every initial size selection by DMA 1 for NaCl and diesel aerosol at 75% load. It was assumed that particles generated at 50% and 10% load have the same multiple charge fraction as those generated at 75% load for particles larger than 50 nm, as the shape of accumulation modes were very similar as shown in Figure 5 . It was found that the multiple charge fractions were negligible for 30 and 40 nm particles at 10% load. For this reason, these data were excluded from the least squares fitting discussed in the following section. In other words, no multiple charge correction was necessary for this experimental condition.
From the Fuchs area curve it was assumed that the response of aerosol surface instruments can be expressed as a · D b p in the transition regime, where a is a constant. The response of the aerosol surface instruments was normalized by the particle number concentration, and can be expressed as follows:
Response of aerosol surface instruments/ particle number
where f is the fraction, +1 singly and +2 doubly charged particles. By running the least squares method for all data at different size selections, the values of a and b for each instrument and each aerosol used in this study were determined. The R 2 values were high (R 2 > 0.98) for these fittings, which implies that the fitting correlates well with the data. This correction was used in all figures showing the response of diffusion chargers. 
LOD (Limit of Detection) and LOQ (Limit of Quantification) of the Diffusion Chargers
The background noise level was measured for 5 hours to determine the LOD and LOQ of the diffusion chargers. To determine background noise level, absolute filters were installed at the inlet of the instruments. Willeke and Baron (1992) defined the LOD of a measurement as the value 3σ above the mean of the background distribution. LOQ is defined as the value 10σ above the mean of the background distribution (Keith et al. 1983) .
The LOD and LOQ were obtained for both LQ1-DC and EAD. For convienience, they are plotted in terms of particle number concentrations in Figure A-3 . The results show that both EAD and LQ1-DC have about the same LOD and LOQ. To assure the validity of the data, the measurements were carried out only for concentrations higher than LOQ. The LQ1-DC showed some long-term electrical zero drift. The zero of LQ1-DC was corrected every 5 minutes but the drift resulted in larger error bounds than expected. The frequent zero correction minimized any uncertainty in the measurements. Consequently, the measurement error bound of LQ1-DC is larger than the EAD measurement shown in Figure 3 .
Humidity versus Response of Diffusion Chargers
The Relative Humidity (RH) of the Diesel aerosol streams was lowered by dilution with filtered and dried air. The RH of the nebulized aerosol streams, such as NaCl aerosol, was lowered by passing the streams through two diffusion driers prior to the DMA for size selection (This is not shown in Figure 3 to prevent FIG. A-2. Multiple charge distribution (Size distribution measured at DMA 2 for 50 nm initial size selection at DMA 1 using a setup at Figure A-1) . the complication of the schematic diagram). Since the ratio of the aerosol sheath air to sample air was 10:1, the estimated RH of size selected aerosol in the charging region was always lower than 10% considering both dilution in the DMA and prior drying. Under extremely low RH levels such as in Bricard et al.'s (1972) study, the extent of hydration of the proton would be less than (H 2 O) 6 and under humid conditions, the extent of hydration of proton would be more than (H 2 O) 6 (Pui 1976 ). However, very repeatable data were observed in all experiments where humidity was controlled as described above. Furthermore, it was found that the response of the diffusion chargers correlated well with Fuchs surface area assuming H + (H 2 O) 6 is the most abundant species. This confirms that our assumption is reasonable for every experimental condition.
The silica gel that was used to dry the filtered air for the DMA and dilution was renewed daily at the beginning of every experiment. When this renewal of the silica gel was not done, fluctuations in the response of the diffusion chargers were observed, which correlated to the RH of the aerosol stream (data not shown). Error bars in Figure 3 and 4 shows the extent of the repeatibility of LQ1-DC and EAD responses.
Fuchs Surface Area
The 
F drag CONT and F drag FM can be derived from two limiting cases of the F drag TR , as illustrated below.
